Abstract-The direct effect of pinacidil on contractile protein systems and the relationship between its vasodilating effects and intracellular Ca2+ concentration were studied in isolated smooth muscle of guinea pigs.
Abstract-The direct effect of pinacidil on contractile protein systems and the relationship between its vasodilating effects and intracellular Ca2+ concentration were studied in isolated smooth muscle of guinea pigs.
Pinacidi!, nifedipine and hydralazine did not inhibit Ca 21-induced contracture in saponin-treated taenia caecum of guinea pig, while trifluoperazine and W-7 markedly suppressed it. Simultaneous determination of the intracellular Ca 21 concentration (fura 2 method) and tension development of the isolated femoral artery of guinea pigs showed that the intracellular Ca2+ level always decreased before vasorelaxation after pinacidil or nifedipine administration.
Pinacidil showed no effect on cyclic AMP or cyclic GMP contents in rabbit aortic strips. These results indicate that pinacidil, like nifedipine and hydralazine, do not seem to directly act on the process from the formation of Ca 2+-calmodulin to the actinmyosin interaction in the contracting mechanism of vascular smooth muscle, and that pinacidil relaxes the vascular smooth muscle by decreasing intracellular Ca2+-levels without elevating cyclic nucleotides.
Pinacidil, N"-cyano-N-4-pyridyl-N'-1,2,2 trimethylpropylguanidine monohydrate (1), is a new antihypertensive agent which has a direct vasodilatory action (2) not influenced by treatment with atropine, propranolol, aminophylline and aspirin (3, 4) . Its antihy pertensive effects have been reported in rats (5, 6) and dogs (7, 8) and also in hypertensive patients (9, 10). We have already shown that the hypotensive effects of pinacidil are due to peripheral mechanisms, not to action on the central nervous system (11). It was also reported that the receptor-operated Ca2+ influx rather than the K+ depolarization induced Ca 21 influx is more potently inhi bited by pinacidil and that decreased release of Ca 2+ from intracellularly stored sites or increased sequestration to the sites might also be involved (4).
Several reports have appeared on the vasodilating mechanism of pinacidil (4, 12), but it remains to be fully clarified. apart using jeweler's forceps under a binocular microscope. The preparation was set up in a small chamber with a capacity of about 1 ml in which test solution at 20°C was perfused rapidly by pushing out from one end while simultaneously sucking with a vacuum pump from the other end. Both ends of the preparation were fastened with string and fixed between pieces of Scotch double-stick tape (3M Co., Paul, MN, U.S.A.). One of the double-stick tapes was connected to the lever of a strain gauge transducer (U-gauge, Shinko Co., Ltd.), and the isometric tension was recorded through the carrier amplifier (AP-601G, Nihon Kohden).
After recording the contraction caused by high K+ solution in which NaCI was replaced isotonically with KCI, the solution was re placed with relaxing solution containing 130 mM K propionate, 20 mM Tris-maleate, 4 mM MgC12, 4 mM ATP and 2 mM EGTA, aerated with 100% 02 at 20°C (pH 6.8). Saponin treatment was then carried out by leaving the preparation for 20-30 min in relaxing solu tion containing 50-100 iig/ml saponin. The preparation was washed with the relaxing solution and left until the tension level became constant. Ca 21 solution at a given concen tration was prepared by adding an appro priate amount of CaC12 to EGTA, keeping the total EGTA concentration fixed at 2 mM. The apparent binding constant of EGTA for Ca2+ was considered to be 106 M-1 at 20°C and pH 6.8 (13). Before the relaxing responses to several drugs were obtained, the preparation was partially contracted with 10-6 M Ca2+. Drugs were administered by exchanging the solution with the drug solution to be tested. 2. Simultaneous recording of Ca 21 signals by the fura 2 method and the mechanical activity (a) Recording of tension development: Femoral arteries were isolated from male guinea pigs weighing 500-700 g. The arteries were helically cut into strips, approximately 0.5 mm wide and 3 mm long. The tissue was set up, sufficiently stretched to minimize artifacts due to erroneous movements, in the thermostat quartz tissue chamber filled with standard solution at 37'C. One end of the strip was attached to an isometric strain guage transducer (U-gauge, Shinko Co., Ltd.), and another end was pinned in the chamber by stainless steel pins. The tension development and the fluorescent light re presenting Ca 21 signals could be measured simultaneously.
The solution was perfused at 1.6 ml/min continuously with a peristaltic pump (SJ-1211, ATTO). The standard solu tion was a HEPES-buffered modified Krebs' solution containing: 135.5 mM Nat 5.9 mM K+, 1.2 m M Call, 1.2 m M Mgt+, 132.6 m M CI-, 11.6 mM HEPES and 11.6 mM glucose. It was bubbled with 100% 02 and its pH was 7.3-7.4. High K+ solutions (50, 60, 120 mM) were obtained by replacing Na+ with an equivalent amount of K+.
(b) Optical instruments for measuring Ca2+ signals: As the light source, a xenon lamp of 150 W was used, and the excitation light was obtained by placing a rotating wheel (30 Hz) containing 340 and 380 nm interference filters. The light was passed through a quartz optical filter, and the tissue was exposed to it from the bottom of the 1 ml quartz tissue chamber. The emitted light from the tissue loaded with fura 2 was obtained from both sides with the other optical fiber and measured with a photomultiplier tube (Hamamatsu Photonics) after passage through a 500 nm interference filter. For fura 2 loading, the isolated femoral arterial strips were treated with 5 PM fura 2 AM for 90 min at 37'C. The ratio of the fluorescence by ex citation at 340 nm and 380 nm (1340/1380) was calculated from the successive excitation period. Contractile tension of the isolated femoral artery, two fluorescence signals, and its ratio (1340/1380) were recorded through the system for data analysis. The time constants for the measurement of contractile tension and fluorescence were 0.2-2 sec and 0.2-0.5 sec, respectively. To determine the time lag between changes in tension and intracellular Ca2+ level, tension and fluorescence were measured at the same time constant (0.2 sec).
Assay of cyclic nucleotides
The thoracic artery, isolated from male rabbits weighing 2-2.5 kg, was used to obtain large amounts of material. It was cut into spiral strips and incubated for 20 min in the modified Locke-Ringer solution with 17 mM KCI at 37'C, which produced partial contraction that was between 25 and 40% of the contraction induced by 30 mM K+. After drug treatment for 2 or 30 min, the reaction was halted by immersing the muscle strip into liquid N2. After weighing the frozen tissue, the preparation were homogenized in 6% trichloroacetic acid, and after centrifuga tion at 1000 g for 10 min, the supernatant was treated with diethylether to remove the trichloroacetic acid. Cyclic AMP (cAM P) and cyclic G M P (cG M P) contents were measured with a radioimmunoassay kit (Yamasa Shoyu).
Data analysis
The results shown in the text and figures are expressed as the mean±S.E. Statistical analyses were done using Student's t-test and Tukey's method after one-way analysis of variance.
Drugs
Durgs used were pinacidil (Leo Phar maceutical Products), nifedipine (Teikoku Pharmaceutical Co.), hydralazine hydro chloride (Yodogawa Pharmaceutical Co.), trifluoperazine dihydrochloride (Sigma), N (6-aminohexyl)-5-chloro-1 -naphthalenesul fonamide hydrochloride (W-7. Sigma), saponin (ICN), sodium nitroprusside (Naka rai), papaverine hydrochloride (Dainippon Pharmaceutical Co.), fura 2 and fura 2 AM (Molecular Probes Inc.). Pinacidil was dis solved in 0.1 N HCI and diluted with distilled water before use. Nifedipine was dissolved in dimethylsulfoxide (DMSO) and diluted with distilled water for use. Fura 2 AM (5 iM) was dissolved in DMSO (final concentration of 0.25%). Pluronic F-127 (final concen tration of 0.01 %) was added to help solubilize fura 2 AM in physiological media (14). 
Results
1. Effects on Ca2+-induced contracture in skinned fiber of taenia caecum: Ca2+_ Induced tension development in the skinned fiber of taenia caecum reached a plateau which was maintained during the presence of increased Ca2+, and maximal contraction was observed at 10-4 or 10-5 M Ca 21, which almost cor responded to the contracture with 140 mM K+ in the intact taenia caecum. Although pinacidil at 10-4 and 3X10-4 M, nifedipine at 10-5 and 10-4 M, and hydralazine at 10-3 M hardly affected partial contracture induced by 10-6 M Ca2+, W-7 and trifluoperazine inhi bited it in a concentration-dependent manner ( Figs. 1 and 2 ). Trifluoperazine at 10-4 M caused complete inhibition (Fig. 2) .
2. Simultaneous measurement of Ca2+ signal and tension development in the isolated femoral artery: To test the reliability of the apparatus, the Ca2+ signal was mea sured on a Ca2+ standard solution containing 2 mM EGTA and 2 ,uM Fura 2. The solution at 10-8 M Ca2+ had no effect on the fluorescence produced by 340 nm excitation (1340) and by 380 nm excitation (1380). However, 1340 increased and 1380 decreased concentration dependently with 10-' and 10-6 M Ca2+ solution (data not shown).
In the isolated femoral artery without fura 2 loading, 120 mM K+ treatment induced contraction, but hardly changed 1340, 1380 or the 1340/1380 ratio (Fig. 3) . The contraction induced by 120 mM K+ was not influenced by fura 2 loading, but 1340 and 1380 at resting level were increased by about 3-fold after fura 2 loading. Addition of high K+ caused tension development;
and at the same time it in creased 1340 and decreased 1380, which increased the 1340/1380 ratio (Fig. 3) . In these studies, changes of tension development were always preceded by fluorescence changes. The maximum percent change of 1340/1380 was about 20%. Pretreatment of isolated femoral artery with K+ at 50 mM initially increased the 1340/ 1380 ratio, and then caused tension develop ment. Addition of pinacidil decreased the 1340/1380 ratio and inhibited the K+-induced contracture concentration-dependently (Figs. 4 and 6). Nifedipine also decreased the 1340/ 1380 ratio and inhibited the contracture con centration-dependently (Figs. 5 and 6 ). The The start of relaxation after the addition of these two drugs was observed 1-2 sec later than the decrease of the 1340/ 1380 ratio. 
Effects on cyclic nucleotides
of isolated thoracic artery of rabbit: cAM P and cG M P contents were not significantly changed by 17 mM K+ treatment, which induced partial contraction.
The mean control values of cAMP and cGMP contents under 17 mM K+ treatment were 150-170 pmol/g and 24-27 pmol/g, respectively (Fig. 7) . cAMP contents were not changed by 2 or 30-min treatment with pinacidil at 10_4 M or nitroprusside at 10-5M or by 2-min treatment with papaverine at 10-4 M, but were increased significantly from 163±10 pmol/g to 237±20 pmol/g by 30-min treatment with papaverine at 10-4 M (Fig. 7) . cGMP contents were increased markedly upon the treatment of nitroprusside aL 10-5 M: 177±15 pmol/g with 2-min treatment and 129±36 pmol/g with 30-min treatment (Fig.  7) . Treatment with pinacidil or papaverine did not significantly affect the cGMP con tents (Fig. 7) . Discussion K+-Induced contraction and agonist-in duced contraction in both normal and Ca2+ free media are inhibited by a high concen tration of pinacidil in isolated dog (4) and guinea pig (15) arteries. Thus, pinacidil may have some inhibitory effect on the processes from the formation of Ca2+-calmodulin to contractile proteins in the myosin-phos phorylation theory (16) of smooth muscle cells. Therefore, we decided to investigate whether a high concentration of pinacidil affects these processes. Saponin treatment of cells gives rise to holes in the cell membrane , which are of a size that permits the external ions to permeate easily into the cells (17). Pinacidil did not affect 10-6 M Cat+-induced contracture in saponin-treated muscle as much as nifedipine and hydralazine, while trifluoperazine and W-7 concentration-de pendently suppressed the contracture. Spedd ing (18) reported that nifedipine did not but trifluoperazine did inhibit Cat+-induced con tractions in skinned smooth muscle treated with Triton X-100. Our present data indicated that pinacidil could not act directly on the contractile and regulatory proteins of smooth muscle cells. Fluorescent Ca 21 indicators, quin 2 and fura 2, were developed by Tsien and his colleagues (19, 20) , and intracellular Ca2+ concentrations have been measured mainly in isolated (21) or cultured (22) cells. To study the vasocontracting or vasodilating mecha nism of drugs, the relationship of the mecha nical effects of the drugs and the intracellular Ca 21 levels in vascular smooth muscles must be determined under more physiological con ditions.
Recently, simultaneous measure ment of tension development and intra cellular Ca2+ concentration with fura 2 has been done with some kinds of tissues (23 25). Here, we simultaneously determined the tension development and intracellular Ca 21 concentration in the isolated femoral artery of guinea pigs using an apparatus which we developed for measuring fura 2 fluorescence in a tissue. It was confirmed that intracellular Ca2+ levels was measured correctly with this apparatus, since 1340 and 1380 moved in the opposite direction, which is a specific pro perty of the excitation spectrum of fura 2 in a buffer with Ca2+ (20). The intracellular Ca 21 signal was not contaminated by extracellular leakage of fura 2, which was removed by continuous perfusion of the bath. However, we did not determine the absolute values of intracellular Ca2+ concentration because of the large amount of background fluorescence, the unknown amount of fura 2AM remaining in the preparation, and other problem factors. On the addition of high K+ to preparations loaded with fura 2, 1340 increased and 1380 decreased.
Furthermore, the changes jn fluorescence preceded the changes of tension development. These findings strongly indicate that the fluorescent signal of a preparation loaded with fura 2 is indicative of its cytosolic free Ca2+ level.
High K+ increased intracellular Ca2+ con centration, as previously reported (23, 26). Pinacidil and nifedipine produced concen tration-related relaxation and decrease of intracellular Ca2+ concentration in guinea pig femoral arterial strips precontracted with high K+. The former was always preceded by the latter. These results strongly indicated that both pinacidil and nifedipine cause relaxation by decreasing the intracellular Ca2+ concen tration. Since some absorption of ultraviolet light was observed in the hydralazine solution, we could not examine the effect of hydralazine on the intracellular Ca2+ level with the fluorescent method. However, from the results with the skinned fiber, hydralazine may produce relaxation by decreasing the intracellular Ca 21 level.
cAMP contributes to the relaxation of smooth muscle through stimulation of the Ca2+ pump at the sarcolemmal membrane (Ca2+ extrusion) and sarcoplasmic reticulum (Ca2+ accumulation) (27) and through in hibition of the phosphorylation of myosin light chain kinase (28). Also, cGMP has been reported to reduce the intracellular Ca 2+ or inhibit the phosphorylation of myosin, and promote relaxation (29). We therefore ex amined whether vasorelaxation produced by pinacidil was associated with the elevation in cAM P or cG M P levels. K+ depolarization had no significant effect on the cAMP and cGMP levels. As previously reported, papaverine increased the cAMP content (30) and nitro prusside increased the cGMP content (31). Treatment with pinacidil for 2 or 30 min, which would be in the early or late stage of vasorelaxation in rabbit thoracic arterial strips, respectively, did not significantly affect the cAM P and cG M P contents. There fore, the vasorelaxation by pinacidil seems to be independent of the elevation in cAMP or cG M P. The result agrees with the report by Kauffman et al. for isolated rat aorta (32). Recent work has shown that pinacidil enhances the K+ permeability of vascular smooth muscle (12, 33) , but the exact mechanism by which it relaxes vascular smooth muscle has not yet been clarified. The present study demonstrated that pinacidi! might produce vasorelaxation by decreasing the intracellular Ca2+ levels by a mechanism independent of an increase In cAMP or cGMP, and might have no direct effect on the pro cesses from the formation of Ca 2+-calmodulin to the actin-myosin interaction in the con tracting mechanism of vascular smooth muscle. Further studies are required to fully explain the mechanisms of vasodilation with pinacidil, including the relationship between its decrease in intracellular Ca 21 levels and enhancement of K+ permeability.
